Characterizing of directional solidification mode of Fe-Cr-Ni alloys during welding was performed using intense synchrotron radiation probe. Consequently, the crystal growth in the rapid solidification process was revealed in detail and the peak profile was systematically analyzed in order to acquire the essential information for controlling the weld microstructure. Then, the crystallization timing of the primary and secondary phases was discussed. Furthermore, the possibility of the lattice rotation to commensurate (i) each dendrite and (ii) crystallites in the dendrites is suggested.
Introduction
In fusion welding process, a material is melted by heat source and rapidly cooled to a room temperature. Then, the crack, known as solidification crack, is suffered in the weld metal, by the thermal strain in the solidification temperature range in which ductility remarkably decrease during welding. [1] [2] [3] [4] The solidification crack is a significant problem during welding of austenite stainless steels, particularly in fully austenitic and stabilized compositions. Narrowing the temperature range in which ductility extremely decreases is effective for the prevention of the crack. 5) Therefore, the decrease of the element content dropping of the solidus temperature which ductility extremely decreases (BTR: brittle temperature range) is very important. However, some elemental additions are indispensable to keep the characteristics of the base metal. So the solidus is raised by controlling the solidification behavior such as the crystallization timing and the crystallization of the heterogeneous phases for the improvement of the solidification crack. [6] [7] [8] [9] For the better controlling, time-series prediction of the elemental composition, and the crystallization timing is extremely important in the solidification process.
It was difficult to observe the microstructure transition of weld metals dynamically, under the rapid cooling of more than 500 C/s. So the solidification morphology of the weld metal has been estimated by the SEM observation of microstructure, using the liquid-tin quenching method. [10] [11] [12] In late nineties, Elmer et al. [13] [14] [15] has been used a intense synchrotron radiation as a probe and directly revealed the phase mapping around the heat spot, during pure titanium welding. After that, Babu et al. investigated the primary weld solidification in the Fe-C-Al-Mn weld steel [16] [17] [18] using the Time-Resolved X-Ray Diffraction (TRXRD) technique. Their remarkable results were devoted to the heat effect zone. In contrast, several researchers observe the real-time observation of dendrites in alloys using the synchrotron microradiograph in the real space. [19] [20] [21] However, it is impossible to obtain the quantitative information such as phase transformation and preferred orientation of crystal in the real space.
Our interest is details of the weld solidification phenomena in the directional solidification process, under rapid cooling. Solution to our interest will greatly be facilitated by the development of original TRXRD methods due to movement of the heat spot. It make possible to determine the phasetransformation behavior of the directional solidification of weld metals in the steep thermal gradients and at the high cooling rates. The dendrite growth of the weld metal is extremely important for the welding. However, the dendrite growth due to movement of the heat source would be unable to catch using the established technique of stationary heat spot. [13] [14] [15] [16] [17] [18] In this study, austenite stainless steels under welding conditions of a practical manufacturing process were investigated using the Spatially-Resolved X-Ray Diffraction (SRXRD) method for post weld characterization and TRXRD method for in-situ weld observation. The crystallographic information of the and phases in directional solidification was obtained.
Experiments
Two samples of Fe-Cr-Ni alloys were prepared: austenitic-ferritic solidification mode (AF mode) with the chemical composition of Fe-20%Cr-14%Ni and a ferritic-austenitic solidification mode (FA mode) with the chemical composition of Fe-20%Cr-11%Ni. The solidification, referred to as the FA mode, starts with primary ferrite and then changes to eutectic solidification as the liquid composition is enriched in nickel and reaches the eutectic valley. In AF mode, the solidification starts with primary austenite, followed by eutectic solidification in the later stage as the liquid is enriched in chromium and the composition reaches the eutectic valley. 22) The XRD experiments were performed on the BL46XU beam line with the undulator, at the SPring-8. The experiment was approved by the Japan Synchrotron Radiation Research Institute (Hyogo, Japan).
23) The photon energy of 12 KeV was chosen to maximize the intensity and the number of peaks into the 2 window of the detector. The diffraction line was recorded in the imaging plate (IP), with the wide angular range and the wide dynamic range. This camera was a flat board type and was fixed on an automatic stage, behind the slit of the width of 25 mm. 24) The wavelength determined by the Rietveld refinement of the LaB 6 standard sample is 0.10285 nm. 25, 26) The camera-length estimated from relationship between the moving angle and the interval of direct spots is 479.88 mm. Then, the measured angular range is from about 30 to about 70 since the recording range on the IP plate is 400 mm.
The solidification process was confirmed by two kinds of techniques: (i) Spatially-Resolved X-Ray Diffraction (SRXRD) for the liquid-tin quenched metals of weld. (ii) Time-Resolved X-Ray Diffraction (TRXRD) for the weld metal continuously heated and cooled in welding thermal cycle. The SRXRD technique is a post weld characterization method using synchrotron radiation, while the TRXRD technique is an in-situ weld observation.
SRXRD for the liquid-tin quenched weld metals
In the liquid-tin quenching method, liquid tin at 300 C was poured over the solidifying weld pool to quench the solidification behavior of the alloy, as shown in Fig. 1 . The TIG arc welding with the current of 100 A, arc voltage of 150 V and welding speed of 2.5 mm/s was conducted on the surface of test pieces (4.0 mm thick, 50 mm wide and 100 mm long). Metallographic work was performed at the weld center, near the surface so that the solidification rate of the observed region was equivalent to the welding scan speed. An aqueous solution of 30 vol pct nitric acid and 10 vol pct hydrochloric acid was used as an etchant to reveal the microstructure. Then, SEM observation was performed with the energy dispersive X-ray analysis (EDX).
In the SRXRD, the diffraction profiles were continuously recorded with the IP, at each distance from the weld pool. The position of the weld pool of quenched metal corresponds to the arc position. The distance from the weld pool corresponds to the cooling temperature distribution. The focused monochromatic beam was passed through 30 Â 200 mm slit, at an incident angle of 20 . The direction of 30 mm width is parallel to the crystal growth direction on the specimen, in which steep thermal gradients exists.
2.2 TRXRD for the weld metal continuously heated and cooled in welding thermal cycle In the TRXRD, the time series transition of the diffraction patterns in the solidification process of welding was measured. The welding torch was vertically moving to an X-ray incident beam. The experimental set-up is summarized schematically in Fig. 2 . The recording by the IP camera was synchronized with the moving of the arc torch, at the scan speed of 1.5 or 1 mm/s. During welding, the IP was also moved parallel to the scan direction of the arc torch and took diffraction profiles continuously. Moreover, a black sheet was pasted in front of the IP slit because the diffraction pattern on the IP had been erased by the fluorescence of welding arcs. The solidification speed is controlled by the arc power and the scan speed of the torch. The power was maintained constant at 1.5 kVA (150 A, 10 V) for all of the welds, and high pure argon was used as a shielding gas. The rising temperature on the back of the specimen was prevented by a water-cooled copper plate. In addition, the temperature of the weld metal was measured continuously by the thermocouple in order to associate it with the diffraction profiles on the IP. The welding assembly (torch and base material) were tilted at 20 angle with respect to the horizontal direction to prevent blocking of the diffracted X-rays. The 9-mm-wide fusion zone was formed on the surface of the steel plate. The focused monochromatic beam size was set wide: the w100 Â l300 mm, and it make possible to obtain the week X-ray intensity in the initiation of solidification.
Results and Discussion

SRXRD
In order to elucidate the transition of microstructures, the diffraction pattern for solidification microstructure quenched by liquid-tin was measured at each distance from the weld pool. Therefore, each distance from the weld pool corresponds to the temperature distribution during welding. The microstructure transition in the solidification process can be determined by measuring the diffraction profile as a function of the distance from the edge of the weld pool. The microstructure for the welding is a directional solidification that the dendrites mainly grows up to the h001i direction, toward a heat spot. The circle was fluctuated to exclude the influence of the preferred orientation of crystal by the directional solidification as much as possible. Figure 3 shows the change of the diffraction profile for the (a) FA mode and the (b) AF mode in each distance from the edge of the weld pool. The left axes are distance from the edge of the weld pool. The temperature drop from the edge of weld pool was derived using the relationship between the temperature and the elapsed time that were pre-examined experimentally as shown in the right axis. 30) The horizontal axis is the diffraction angle from about 30 to about 70 . The interval of diffraction angle at the horizontal axis is unequal and extends gradually toward the edge of the IP because IP was arranged in the flat. The Bragg peaks for each phase were calculated using the lattice constant refined by the Cohen's analytical method; 0.286 nm for the body centered cubic (bcc) phase and 0.358 nm for the face centered cubic (fcc) phases. 31) Here, it should be noted that changes of the lattice constant are unable to observe by X-ray diffraction for liquidtin quenched because steep thermal gradients exist in the material.
As the result of the FA mode shown in Fig. 3(a) , the phase (fcc) and phase (bcc) were identified. The diffraction peaks in the normal to h001i such as 200 and 110 naturally appear since the primary phase grows up to h001i. Furthermore, the diffraction peaks of the primary phase and the secondary phase have coexisted at 30 mm suggesting crystallization of the secondary phase within a temperature drop less than 6 C. Therefore, the secondary phase is mainly eutectic of h001i == h001i from the coexistence of 200 and 200. Moreover, the diffraction of 111, 222, and 311 also appears in the early stage of the solidification. Appearance of these diffractions attributes to the fluctuation in the incident to ½110 and ½310 respectively as ½001 is assumed to be a direction of the crystal growth. It means that the dendrite which approximated by the rotation projectile grows towards to h001i as radius direction h100i, h110i and h310i. That is, it is considered that the radius vector of the eutectic turns without restraint, in the initiation stage of the solidification. These diffraction intensities decrease gradually as the solidification progresses. In contrast, the diffraction intensities of 112 and 400 increase gradually from 90 mm. It should be noted that these diffraction peaks almost agreed to 110 == 111, which is known as the K-S relationship rotating of 112 == 400 by 54. 7 . Consequently, the appearance of the K-S relationship corresponds to (i) the growth by peritectic reaction of phase on the primary phase and (ii) the solid phase transformation from phase to phase after the competitions between the dendrites of phase and phase that have grown by the eutectic. Since the phenomena occurred at comparatively low temperature and the diffraction intensity of eutectic decreased, it is considered that the solid phase transformation is ultimately predominant. To the above-mentioned, the for- mation of the more stable coherent interface becomes predominant with the solidification progress after the nucleus was arbitrarily generated and grown from the liquid phase in the early solidification.
On the other hand, in the AF mode as shown in Fig. 3(b) , the diffraction peak of the secondary 220 phase appeared in the temperature drop of about 20 C and this indicates the preferred orientation of h110i . This means that the growth of the secondary phase is predominant to the h001i direction. That is, it is expected that the phase is also a eutectic in the AF mode. Moreover, the crystallization of the secondary phase is delayed compared with that in the FA mode. In order to correspond to the extension of the ductility decrease temperature range (BTR), the delay of the crystallization for the secondary phase may correspond to the fact that the solidification crack in the AF mode is sensitive comparatively than that in the FA mode.
32) The K-S relationship appeared in the FA mode was not observed in the AF mode. These results correspond to the result of the microstructure observation by the scanning electron microscope (SEM) and the simulation of the numerical model. 30 ) Figure 4 shows the example for the SEM observation of the AF mode austenite system measured in Fig. 3(b) . The weld pool at the high temperature is on the left hand side in Fig. 4(a) . The dendrites grow up to the left hand side in Fig. 4(a) at the low temperature. The lamella is observed between dendrites of the primary phase, until 300 mm from the edge of the weld pool. The microstructure of the lamella relates with the liquid phase in the quench process. 33, 34) Therefore, it means that the secondary phase has not appeared yet. Such solute partitioning during solidification can lead to the micro-segregation and to the formation of non-equilibrium phases at the latter stages of the solidification. Such Scheil-like behavior is common in welds. On the other hand, the crystallization of phase from 300 mm could be confirmed by the disappearance of the lamella and chromium detection by EDX. Naturally, these results correspond to those of the X-ray diffraction. These results for the growth mode of the secondary phase may also correspond to those of the microstructure observation of the liquid-tin quenched metal by Inoue et al. 11, 12) 
TRXRD
In order to observe the crystal growth of the primary phase in detail, the directional microstructure transition under the rapid cooling was dynamically measured using the original TRXRD technique for welding. The diffraction pattern was continuously measured on the IP during welding. It was difficult to simultaneously observe the primary phase and the secondary phase under the large crystal preferred orientation and eutectic growth of the secondary phase as indicated by the results of the SRXRD. Therefore, the diffraction pattern of the phase measured with ¼ À30
was multiplied with that of the phase measured by the ¼ 30 at the same specimen. Figure 5 shows the change of the diffraction pattern for the primary phase and the secondary phase in the AF mode austenite system. The normal axis is the elapsed time that the torch leaves the measuring point. It also corresponds to the temperature of weld metals that is measured during welding. The horizontal axis is the diffraction angle on the IP arranged in a flat as well as a spatially resolved X-ray diffraction. The bright contrast at a high angle in the early solidification in the figure is the shadow of the torch. The elemental composition of the measured specimen is identical with that measured in Fig. 3(b) .
As shown in Fig. 5(a) , the curved diffraction patterns of the primary phase are observed in the solidification process, suggesting the enhancement of the crystallinity. This phenomenon was not observed in the results of the spatially resolved X-ray diffraction as shown in Fig. 3 . It is impossible to catch the crystallinity in the microstructure after the Fig. 3(b) . The weld pool at the high temperature is on the left hand side in Fig. 4(a) . The dendrites grow up on the left hand side in Fig. 4(a) at the low temperature. The lamella structure is observed between dendrites of primary phase until 300 mm from the edge of weld pool as shown in Fig. 4(b) . The secondary phase crystallized by the disappearance of the lamella from 300 mm is shown in Fig. 4 (c).
solidification like liquid tin quenched metal as suspected. In contrast, the curvature of the diffraction profiles is not observed in the secondary phase though the crystallinity of phase enhances greatly even after the appearance of 211. It is considered that the growth-mode and the thermal expansion of two phases greatly affect the displacement of the lattice spacing. That is, it is difficult for the secondary phase to grow up epitaxially at the high temperature that the lattice spacing of the primary phase changes greatly. Therefore, the eutectic growth of the secondary phase may be probable in the AF mode. Next, the diffraction pattern of 200 in the vicinity of the weld pool is shown in Fig. 5(b) . The diffraction pattern of random spots in the weak broad pattern like mist was observed before the crystal growth of dendrites as indicated in Fig. 5(b) . The contrast of the random spots is considered to correspond to the blink of diffraction intensity due to rotation of the isometric crystallite that would become the nucleus for dendrites. Further, a weak broad pattern like mist at high temperature would be considered to correlate with the nucleation. That is, the phenomena in the vicinity of the critical nucleus may be observed averagely as weak broad patterns that are scattered by the wide distribution of the lattice spacing and the atomic distance. The lattice spacing of the random spot pattern of 200 is about 0.129 nm. It should be noted that this lattice spacing corresponds to about twice the ionic radius of Fe. Therefore, the possibility of weak bonding like an ionic bond is suggested in the early stage of the solidification. After the crystal growth of dendrites, the diffraction pattern changed into the curve with the elapsed time as shown in Fig. 5(a) .
Next, the result of the temperature measurement is shown in Fig. 6 . The horizontal axis is the elapsed time that the torch leaves the measuring point, and the normal axis is the temperature. This distribution is one of cases that the thermocouple did not react with molten steels and contacted enough with molten steels. Consequently, the steep thermal gradient in a temperature, rising and cooling, was observed. Further, two discontinuous points are observed in the profile at high temperature. This time spacing is 1.86 seconds at the torch scan speed of 1.5 mm/s. It is considered to be the temperature distribution in the weld pool in order to correspond to the temperature in the weld pool from 1500 to 1800 C. 35 ) Figure 7 shows the time series transition of the microstructure for the primary phase in the AF mode with the temperature measured in Fig. 6 , in detail. The changes of the diffraction pattern for 200 and 220 is shown in Fig. 5 . The horizontal axis is the elapsed time that corresponds to the normal axis in Fig. 5 , and the normal axis is the lattice spacing that corresponds to the horizontal axis in Fig. 5 . The upper part of the normal axis is a low angle side. The zero second means the location of the center in the weld pool that has the highest temperature of about 1800 C due to the temperature distribution in Fig. 6 . The temperature in the figure indicates the maximum diffraction intensity. Consequently, the weld pool/matrix interface is about 1630 C, and the crystal growth of the dendrites starts from about 1410 C. Furthermore, the maximum diffraction intensity of 200 and 220 appears periodically from 1400 to 800 C in each pattern and the maximum of the diffraction intensity of 200 appears between those of 220. The lattice rotation under the rapid cooling is expected. These phenomena are considered the rotation that centers on the growth direction of dendrites or the vibration of the tip of dendrites in the normal to the growth direction. This may be also corresponded to the lattice rotation suggested by the spatially resolved X-ray diffraction. C is considered to be due to the crystallization of the primary phase. Afterwards, the multiplied fluctuation angle is synchronized with the displacement of the lattice constant. That is, the crystallinity enhances the accompanying of the lattice rotation. Here, one idea of the lattice rotations under rapid cooling is known as the edge dislocation model in the crystal growth. 36) Due to the edge dislocation model, an excess vacancy in the thermal equilibrium state is supersaturated under cooling quickly from high temperature, they cohere, and the secondary defect of the dislocation etc. is generated. Moreover, the crystal grains to cancel the disadvantage of the surface energy are rotated. As a result of the edge dislocation, it generates the microstructure with the high density edge dislocation that is known as the Lineage structure and the striation with the gap angle of crystals. 37, 38) We are in process of considering the crystallites' rotation in the dendrites under rapid cooling, based on the Lineage structure. To the above-mentioned, the possibility of the lattice rotation of the primary phase in the AF mode is suggested in order to commensurate (i) each dendrite and (ii) the crystallites in the dendrites. We are carrying out investigations into crystal growth in detail with the information of nucleation using a two dimensional detector with high time resolution excluding the influence of the preferred orientation of crystal. Further, in order to measure the temperature distribution, we will perform the simultaneous temperature measurement by the thermocouple and the high speed radiation thermometer for the high reliability to characterize the weld.
Conclusion
The directional crystal growth in the rapid solidification process was caught using the Spatially-Resolved X-Ray Diffraction method for post weld characterization and TimeResolved X-Ray Diffraction method for in situ weld observation.
The following findings were obtained from the observation of the phase transformation in the rapid solidification process during welding.
(1) In the ferritic-austenitic solidification mode, and are mainly eutectic in first stage and peritectic in the late stage. (2) In the ferritic-austenitic mode, the second phase appears until there is a temperature drop of 6 C. 
